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Received 13 November 2013; revised 10 December 2013; accepted 13 December 2013AbstractThe as-cast and as-extruded Mge9Lie1AlexCa alloys (x ¼ 0, 0.2; wt%) were prepared by a simple alloying process followed by hot
extrusion with an extrusion ratio of 28.2. The microstructures of the as-cast and as-extruded Mge9Lie1AlexCa alloys were observed to
investigate the effect of calcium (Ca) element on the Mge9Lie1Al (LA91) alloy, and the crystallographic calculations between Al2Ca and the
matrix (a-Mg and b-Li phases) were examined on the basis of the edge-to-edge matching model. The experimental results indicate that the
addition of 0.2 wt% Ca into LA91 alloy reduce the size of the a-Mg phases in the as-cast alloy and that of b-Li phases in the as-extruded alloy
due to the Al2Ca particles distributed inside the matrix. Crystallographic calculation results suggested that there is a good crystallographic
matching between the matrix and Al2Ca, which confirmed that Al2Ca particles can act as a heterogeneous nucleation site for both a-Mg and b-Li
phases and were effective grain refiners for LA91 alloy.
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Elsevier B.V.
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Magnesiumelithium alloy with low density
(1300e1600 kg/m3) and high specific stiffness [1] have
attracted considerable attention in transportation industries
especially in aerospace area [2]. Mge9Lie1Al alloy (LA91),
which contains both a-Mg phase (MgeLi solid solution in Mg
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and typical MgeLi alloys. However, LA91 alloy has the
typical drawbacks including low strength and poor corrosion
resistance, which restricts its further applications. In order to
overcome these drawbacks, composite reinforcement [3,4],
rapid solidification [5,6], directional solidification [7] and
equal channel angular pressing (ECAP) [8] have been intro-
duced by many researchers and the majority of these ap-
proaches are based on the grain refinement. However, the
complicated processing, high cost and strict technical requests
limit their further applications. Therefore, the addition of grain
refiner is still considered as one of the most important and
effective approach among the currently available grain
refinement techniques due to its easy operation and cost
saving.
During past decades, many grain refiners or alloying ele-
ments have been extensively used to produce the materials
with refined structures. Jiang et al. [9] predicted through edge-
to-edge model that both TiB2 and Al3Ti intermetallic com-
pounds could be grain refiners in Mge14Lie1Al (LA141)ngqing University. Production and hosting by Elsevier B.V. Open access under CC BY-NC-ND license.
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LA141 alloy proved this prediction. Zeng et al. [10] used
strontium to refine the grains of LA141 alloy and found that
Mg2Sr can act as the grain finer for heterogeneous nucleation
of the matrix. Although refined grain in MgeLi based alloys
was observed in previous studies [11e16], but still it is
necessary to seek a more cost-efficient grain refiner adding
way. Calcium (Ca) resources are more abundant on earth than
AleTieB alloy [9], strontium [3,5,11e14] and other RE
element [15,16] and have been proved to be a good grain
refiner element in MgeLi based alloy [17e20]. These re-
searchers have observed that Al2Ca or Mg2Ca precipitates
exist inside the matrix or behind the grain boundary, which
lead to the microstructure refinement. However, the detail
refining reasons, especially the ones based on crystallography,
is still unclear.
At present, there are several available crystallographic
models used to analyze the grain refinement mechanism of
some certain compounds since the early work had been
researched by van der Merwe [21]. They are structural ledge
model [22], near-coincidence site model [23], invariant line
model [24], O-lattice theory [25] and edge-to-edge matching
model [26e28]. Among all these crystallographic models,
edge-to-edge matching model, which was successfully used to
predict all the orientation relationships (ORs) between crystals
including simple face-centered cubic (FCC) [29], body-
centered cubic (BCC) and hexagonal close packed (HCP)
[28] ones, was proven to be a powerful tool to understand and
examine the atomic matching between two adjacent crystalline
phases. So far, the edge-to-edge matching model has suc-
cessfully predicted ZnO [30], Al2Y [31,32], TiB2 and Al3Ti
[9], Mg2Sr [10] compounds as an effective grain refiner for
magnesium alloys.
In 1990s, Shiflet and Merwe [22] assumed that the ORs
between any two phases are determined by minimizing of the
strain energy of the interface, and the necessary and sufficient
conditions for minimization of the strain energy were the
matching of rows of atoms in the two phases. According to
this assumption, edge-to-edge matching model raised by
Zhang and Kelly [26,27] deduced that there should be at least
one pair of close-packed atomic rows whose interatomic
spacing misfit ( fr) is less than 10% between the matrix and
particles. This pair of close-packed rows is defined as
matching row. In addition, the matching rows should be con-
tained in at least one pair of close-packed planes that have
interplanar spacing mismatch ( fd) less than 6%. Finally,
approximate ORs can be predicted while this ORs needs to be
further refined using the Dg theory [33,34].
In this work, the grain refining efficiency of adding Ca into
LA91 alloy was investigated. Furthermore, the grain refine-
ment mechanism was discussed from crystallographic point of
view in terms of the edge-to-edge matching model.
2. Experimental procedures
The materials used in this experiment were commercial
pure magnesium, lithium and Mg-19.43 wt% Ca master alloy.The charging materials (5 kg) were melted in a stainless steel
crucible fixed with the vacuum induction furnace under argon
atmosphere. Subsequently, the charging was heated to 720 C.
After isothermally holding at 720 C for 15 min, the melt
protected by argon gas was poured from the bottom of the
crucible into a vertical steel mold (75 mm in diameter and
600 mm in height). Finally, the melt was cool down to room
temperature and the as-cast LA91e0.2Ca alloy was finally
obtained. Then the ingot was preheated to 250 C for 2.5 h and
extruded at the extrusion ratio of 28 to obtain the extruded bars
with the diameter of 16 mm. The as-cast and as-extruded
LA91 alloys were also prepared as the reference of
LA91e0.2Ca alloy.
The small sample blocks for microstructure analysis were
machined from the center of the alloys. Inductively coupled
plasma atomic emission spectroscopy (ICP-AES) was applied
to measure the compositions of these alloys. The measured
compositions of LA91 and LA91e0.2Ca alloys are
Mge8.64Lie0.71Al and Mge8.70Lie0.59Ale0.18Ca,
respectively. Microstructure was observed using optical mi-
croscopy and scanning electron microscopy (SEM, TESCAN
VEGA). Phase and chemical composition analysis of alloys
were done with X-ray diffraction (XRD) and energy dispersive
X-ray spectroscopy (EDS). XRD was conducted through
Rigaku D/max 2500PC using Cu Ka radiation (l ¼ 1.5418 A)
operating at the speed of 4/min and the 2q ranging from 10
to 90.
3. Results and discussions3.1. Effect of Ca addition on the microstructure of LA91
alloyThe typical optical microstructures of the as-cast LA91 and
LA91e0.2Ca alloys are shown in Fig. 1(a) and (b). The a-Mg
phase appears as the light gray interconnected lamellar phase
and the bcc b-Li phase appears as the dark gray background.
In the as-cast LA91 alloy, the sections of a-Mg phase are
mainly long rod-like structure with the length of about
1371.56 mm and width of 322.61 mm. With the addition of Ca,
most of the morphology of the a-Mg phase turns to granular
with average size of 28.32 mm. Other studies of MgeLi alloys
proved that b-Li phase could also be refined when adding
Mge40Sr [10], Mge30Y [35] master alloy into Mge14Li
alloy as grain refiners. But it is hard to find the refinement of
b-Li phase in LA91e0.2Ca alloy, because the etchant prefers
to show the phase boundary. In order to identify the chemistry
composition existed in the as-cast alloy, X-ray diffraction
analysis was carried out. Fig. 1(d) reveals the XRD pattern of
LA91 alloy containing 0.2 wt% Ca. Compared to XRD pattern
of LA91 alloy showed in Fig. 1(c), the reflection of Al2Ca
phase can be indexed in the XRD pattern of LA91 alloy
containing 0.2 wt% Ca.
Backscatter electron image in SEM and EDS analysis were
applied to further confirm the distribution and morphology of
Al2Ca phase in LA91e0.2Ca alloy. As shown in Fig. 2, bright
spherical particles are distributed along the a/b phase
Fig. 1. Microstructure of (a) the as-cast LA91, (b) the as-cast LA91e0.2Ca alloys, and XRD patterns of (c) the as-cast LA91, (d) the as-cast LA91e0.2Ca alloys.
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that the spherical particles are mainly composed of Mg, Al and
Ca elements. While XRD results indicated that only Al2Ca
phase existed in LA91e0.2Ca alloy. Based on the MgeAl
ternary alloy phase diagram [36], the solubility of Al in Mg
during solidification to room temperature is above 1 wt%,Fig. 2. SEM backscatter electron image of the as-cast LA91e0.2Ca alloy (a) at now
analysis of (c) point A in (b), (d) point B in (b).which is beyond added amount of Al in LA91 alloy. As a
consequence, Al element easily appeared with Mg element,
which results in plenty of Mg existing with Al. Therefore, we
can conclude that spherical Al2Ca phase exists in
LA91e0.2Ca and distributes along the phase boundaries and
inside the a-Mg matrix.resolution, (b) at high resolution SEM image in (a) dotted line area, and EDS
Fig. 3. Microstructure of (a) the as-extruded LA91, (b) the as-extruded LA91e0.2Ca alloys.
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phase, the as-cast LA91 and LA91e0.2Ca alloys were
extruded at the same condition. After extrusion deformation,
a-Mg phase is elongated with curved and dispersed within b-
Li phase matrix, as shown in Fig. 3, and due to the dynamic
recrystallization (DRX) during extrusion, the grain size of b
phase decreased significantly. The microstructure in the as-
extruded LA91e0.2Ca alloy consists of refiner equiaxed
grains of b phase with average size of 4.56 mm as compared
with that of 10.32 mm in the as-extruded LA91 alloy. Back-
scatter electron image in SEM and EDS results shown in
Fig. 4(b) demonstrate that both inside a phase and b phase of
the as-extruded LA91e0.2Ca alloy disperse Al2Ca compound.
The mechanism of grain refinement with Ca addition in the
as-cast LA91 alloy is indeterminate. Easton et al. [37,38] andFig. 4. SEM backscatter electron image of the as-extruded LA91e0.2Ca alloy (a) at
of (c) point A in (b), (d) point B in (b).Fu et al. [30] demonstrated that the grain refinement of
alloying in metallic materials can be attributed to two reasons.
One is the segregation power of solute elements, and another
is the heterogeneous nucleation effect. While as to the role of
Ca in LA91eCa alloy, it is still unclear which one mainly
leads to the grain refinement. The first one is defined as solute
effect which is related to the growth restrict factor (GRF) and
the larger GRF value is, the more powerful the growth re-
striction will be. According to the formula [39] GRF ¼P
i
mico;iðki  1Þ, where mi denotes the liquidus gradient of
binary phase diagram, co,i is the solid original content, and ki is
the solute distribution coefficient, the GRF value of Ca in Mg
is 11.94, which is third highest GRF value among the common
alloying elements used in Mg alloys. Therefore, one may thinknow resolution, (b) at high resolution in (a) dotted line area, and EDS analysis
Fig. 5. Atom configuration ð311ÞAl2Ca of Al2Ca on plane at lattice parameter
a ¼ 0.804 nm.
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However, the Ca added into the LA91 melts is less likely to be
dissolved in MgeCa or LieCa solid solution. Some re-
searchers [29] studied the role of Ca in the grain refinement of
AZ31 alloy. They applied chemical activity, electronegativity
and bond energy to deduce that the Ca addition into the Al-
containing melts is more likely to form Al and Ca com-
pound, such as Al2Ca. Combined with the low addition level
of Ca, the solute effect in LA91e0.2Ca alloy should be weak.
Therefore, the main cause of grain refinement for a-Mg phase
in the solidification process of LA91e0.2Ca alloy should be
heterogeneous nucleation of Al2Ca.
Furthermore, addition of Ca (0.2 wt%) into LA91 alloy lead
to the decrease in the grain size of b phase, which can be
attributed to Al2Ca particles existing inside the grains of b-Li
phase stimulating nucleation during extrusion process. Hum-
phreys [40] and McQueen [41] demonstrated that the particles,
which do not deform, produce additional strain in the sur-
rounding matrix and thus generate a fine dense substructureFig. 6. Simulated diffraction patterns of Li matrix and Al2Ca along the zone
axis. ½121sAl2Cak:½110
s
bLi, showing a set of parallel Dgs. Dashed line in-
dicates the habit plane. Where the subscript ‘L’ denotes Li matrix and subscript
‘A’ denotes Al2Ca.suitable for nucleation, which will stimulate the nucleation of
DRX in Mg-based alloys. Thus, Al2Ca particles may also
stimulate the nucleation and result in grain refinement of
matrix during extrusion process.3.2. The crystallography relationship between Al2Ca
and matrixHeterogeneous nucleation effect of the intermetallics on the
metal matrix at some level depends on the crystallography
matching relationship between them. The intermetallics hav-
ing lower mismatch with the metal matrix are easier to be
nucleation sites during solidification process and dynamic
recrystallization [42].
As mentioned in chapter 1, in order to predict the crystal-
lography matching relationship between two phases, the
crystal structure, lattice parameters and atomic positions of
both phases are required. For Al2Ca and Mg matrix, the
matching directions and planes were previously identified and
reported [29]. The matching directions are < 121>sAl2Ca, and
< 2110>sMg, where the superscript ‘s’ denotes straight atomic
rows. The matching planes are f311gAl2Ca, f202gAl2Ca, andf0111gMg respectively. There are ORs [29] between Mg and
Al2Ca as follows:

121
s
Al2Ca
2110
s
Mg
; ð311ÞAl2Ca 0:52

from

011 1

Mg
;
f202gAl2Ca 2:88

from

011 1

Mg
ð1Þ
For Al2Ca and the Li matrix, at first, Li matrix has a body
centered cubic (BCC) crystal structurewith the lattice parameter
a ¼ 0.351 nm [43]. According to empirical examination of the
powder X-ray diffraction intensity data available from the PDF
file [43], there are three close packed or nearly close packed
planes in Li crystal structure, they are f110gbLi, f211gbLi and
f200gbLi. And then Al2Ca has three close packed or nearly
close packed planes which are f311gAl2Ca, f220gAl2Ca and
f222gAl2Ca. The fd values between Al2Ca and the Li matrix can
be calculated [11] and there are only one pair fd value of
matching planes below critical value 6%. It is
f311gAl2Ca=f110gbLi. According to edge-to-edge matching
model, only the close packed directions containing thematching
planes can be possible matching directions. As a simple body
centered cubic (BCC) structure, there are four close packed or
nearly close packed directions of ð110ÞbLi. They are <
111>sbLi, < 001>
s
bLi, < 110>
s
bLi and < 113>
z
bLi, where
the superscript ‘s’ denotes straight atom rows and ‘z’ indicates
the zigzag atom rows. While Al2Ca has a face centered cubic
(FCC) crystal structure. The lattice parameter is a ¼ 0.804 nm
and it belongs to Fd3m space group with each unit cell con-
taining 16Al atoms and 8Ca atoms [44]. Based on the atomic
positions in the unit cell and the structure factor of planes, the
atomic configurations in f311gAl2Ca plane together with three
close packed directions are identified and shown in Fig. 5. They
are < 011>sAl2Ca, < 12 1>
s
Al2Ca
and < 112>psAl2Ca, where the
superscript ‘s’ denotes straight atom rows and ‘ps’ indicates the
pseudo zigzag atom rows.
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zigzag or pseudo zigzag rows and straight rows match with
straight rows. The fr values can be calculated [11] and there
are two pairs fr value of matching directions below critical
value 10%. They are < 011>sAl2Ca= < 11 1>
s
bLi and <
121>sAl2Ca= < 110>
s
bLi. Applying the rule [26e28,45] that
the direction pairs with lowest misfit fr value are most likely to
form an orientation relationship, the ORs between Al2Ca and
the Li matrix can be predicted as < 121>sAl2Ca= < 110>
s
bLi,
< 011>sAl2Ca= < 111>
s
bLi and ð311ÞAl2Ca nearly parallel to
ð110ÞbLi.
According to the edge-to-edge matching model, the direc-
tion pair (matching rows) is parallel to each other and the
plane pair (matching planes) is usually separated by a few
degrees. Therefore, these ORs should be further refined and
the Dg theory and the computer program [45] are utilized to do
that. The actual ORs that are predicted between Al2Ca and the
Li matrix with the corresponding habit planes can be obtained.
They are:
<121>sAl2Ca
<110>sbLi;ð311ÞAl2Ca1:3893

from ð110ÞbLi
ð2Þ
Fig. 6 is a simulated spot diffraction patterns showing the
ORs and a set of parallel Dgs. The other ORs can also be
specified in the same way, but for the sake of brevity, they are
not shown here. Therefore, from a crystallographic viewpoint,
Al2Ca has potential to serve as an effective grain refiner both
in the a-Mg matrix and the b-Li matrix for the LA91e0.2Ca
alloy.
4. Conclusions
With addition of 0.2 wt% Ca into LA91 alloy, the size of a-
Mg phase in the as-cast alloy and that of b-Li grain in the as-
extruded alloy are decreased remarkably. The existence of
Al2Ca intermetallics confirmed by both XRD and SEM with
EDS demonstrate the heterogeneous nucleation effect of
Al2Ca intermetallics on LA91 alloy. The lower misfit values
and mismatch values between Al2Ca and the matrix indicates
that Al2Ca can act as a grain refiners in MgeLi based alloys.
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